This paper addresses the effects of pitch static attitude (PSA) and roll static attitude (RSA) on air bearing slider steady performance, especially for ultra-low flying height sliders. We performed simulations for three different low flying sliders with flying heights (FH) of 7nm, 5nm and 3.5nm using the static simulator code of the Computer Mechanics Laboratory (CML). We found that PSA and RSA have quite significant effects on the steady performance of these air bearing slider designs, and the effect is more important the smaller the size and the lower the FH of the slider. We also investigated the effects of suspension stiffness on the air bearing sliders' flying attitude (pitch and roll) and found that these effects are similar to those of PSA and RSA.
INTRODUCTION
When air bearing sliders for use in hard disk drives (HDD) are mounted onto the flexure or gimbal of the suspension an initial pitch angle and roll angle are formed, by design or inadvertently. These are called the Pitch Static Attitude (PSA) and Roll Static Attitude (RSA). These two angles can greatly affect the magnitude of the pitch and roll torque applied to the slider when it is forced to align with the disk. In this study, we investigate the effects on PSA and RSA on air bearing sliders' flying attitudes. And we also explore the effects of pitch and roll stiffness on slider steady performance.
In a recent program of the Information Storage Industry Consortium (INSIC) several ultra-low flying air bearing sliders were designed, built, and tested. It was found that the sliders of the same design had a distribution of flying attitudes. Much of this difference was eventually attributed to possible differences in PSA and RSA of the slider-suspension assemblies.
DEFINITION OF SLIDER SIMULATION PROBLEMS
We consider three different slider designs in this study. Figures 1 ~ 3 show their rail shapes. They are the 7nm FH INSIC Pico slider, the 5nm FH INSIC Pico slider and the 3.5nm FH INSIC Femto slider, respectively. These sliders were designed for the INSIC Extra High Density Recording (EHDR) projects by using the CML design optimization programs together with the CML steady simulator. 6.65, 1.1, -6.65 Table 1 The slider and suspension parameters for these three slider designs are listed in Table 1 . The pitch stiffness and roll stiffness of the flexure-gimbal must be specified, and we use the pitch stiffness value of 6.886e-5 (N-m/rad) and the roll 
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stiffness value of 7.049e-5 (N-m/rad) that are believed to represent the suspensions used with these sliders. Therefore we assume that both the Pico and Femto sliders were mounted to the same suspensions in our study, but with different gram loads.
Fig. 4
We chose 1º PSA and 0º RSA as our "nominal" case values. Figure 4 shows a typical suspension in the unloaded state with positive PSA. We see that the dimple exerts the normal preload at the center of the slider's backside, and the gimbal exerts both the pitch torque and roll torque on the slider that are determined by the stiffnesses and the PSA, RSA.
APPROACH
With non-zero values of PSA and RSA, the torques caused by pitch and roll stiffness are: We modified the CML air bearing static simulator so that it takes pitch stiffness, roll stiffness, PSA and RSA as inputs, and we used it for all of the simulations. Since the intermolecular force and electro-static force have relatively small effects on the flying attitude of the air bearing sliders considered here, we did not include their effects in the simulations.
SIMULATION
Usually, PSA should be positive since negative PSA means a negative initial slider pitch angle, which is not good for the slider taking off in contact starting. So negative PSA cases are usually considered as defective parts in the Head-GimbalAssembly (HGA) and rejected or re-adjusted. However, for investigation purposes, we also consider some negative PSA cases. Here we chose the PSA values: -2º, -1º, -0.75º, -0.5º, -0.25º, 0º, 0.25º, 0.5º, 0.75º, 1º, 2º.
To investigate the RSA effects on air bearing slider steady performance, we changed the RSA value while keeping the nominal 1º PSA fixed. Unlike PSA, which is usually positive, RSA can be either positive or negative and it is generally smaller than PSA. Again, for the purpose of investigation, we considered some relatively large RSA (either positive or negative) cases. Here we chose RSA values of: -2º, -1º, -0.5º, -0.25º, -0.1º, 0º, 0.1º, 0.25º, 0.5º, 1º, 2º.
We investigate the suspension stiffness effects on air bearing slider steady performance with the nominal 1° PSA and 0° RSA. We use the 6.886e-5 (N-m/rad) pitch stiffness and 7.049e-5 (N-m/rad) roll stiffness as the base suspension stiffness data. We then change the suspension stiffness by multiplying a coefficient (ranging from 0.1 to 10) times the base stiffness data. The stiffness values, normalized by the base suspension stiffness, are: 0.1, 0.2, 0.5, 1, 2, 5, 10.
All the simulations were performed by using the modified CML air bearing static simulator.
RESULTS AND CONCLUSIONS
From the simulation results, we found that larger PSA causes lower FH and higher pitch. And the changes of FH and pitch show linear trends with respect to PSA change. PSA does not have large effects on roll when RSA is fixed. We also found that PSA has greater effects on slider designs with smaller size and lower FH.
The simulation results show that larger RSA causes higher roll. Roll change shows a linear trend with respect to RSA change. RSA effects on FH are not linear and depend on the slider air bearing surface shape and the location of the transducer. RSA has little effect on pitch. And lower FH slider designs are more sensitive to RSA than higher FH designs. RSA values should be kept as small as possible.
The simulation results also show that suspension stiffness effects are similar to PSA effects on slider steady performance.
Based on the above investigations, we conclude the following:
1. PSA, RSA and suspension stiffness have larger effects on lower FH slider designs. Therefore we must take all of them into account when designing ultra-low FH sliders.
2. Air bearing slider designs will have different steady performance when they are mounted to different suspensions. Stiffer suspensions will result in larger pitch angles and lower FH with nominal 1° PSA and 0° RSA.
3. Air bearing slider designs even have different flying attitudes with the same suspension when PSA and RSA are different. Larger PSA will result in lower FH and higher pitch angle. And larger RSA will result in higher roll angle.
4. With zero suspension roll torque, if we do not consider the intermolecular force effects and there is no contact, the roll moment will be balanced by the moments due to the shear force and the air bearing force.
5. Since PSA and RSA have large effects on slider steady performance, they are expected to also have large effects on the dynamic performance of sliders.
